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Primary Stratigraphic Traps in Sandstones'

DAVID B. MacKENZIE

Marathon Oil Campany, Denver Resea:ch Center, Littleton, Colorodo 80120

Abstract  Primary sirafigrophic iraps in sandsfone in-
valve laterol termination of the reservair as a direct or
indirect result of faclars reloted to the depositionat
environmen!, Red Wash, Coolinga East, Pembina, Mitsue,
Bell Creek, Cut Bank, Burbank, and Brodford are among
the very few giant oil occumulations found in such trops.
As these frops rorely can be delected by surface meo-
suremen!s, other discavery methods ore essential, The
understonding of depositional process and environmen!
is o promising approoch,

Primary sirotigraphic fraps in sondslone are present in
many facies, including fluvial, dellaic, shallow morine,
ond deeper morine. The lorgest sizes and grealest
number occur in shollow-marine and shoreline environ-
ments, Knowledge of sandslone models of all kinds may
provide valuable clues in interpreting fragmentary well
doto in terms of size, shape, trend, aond chorocteristics
of the reservoirs being sought.

The distribution of mony sandstone bodies maoy be
controlled in part by underlying, commonly inconspicu-
ous, erosional surfaces. Reconslruction of the palea-
topography of the unconformity thus may commonly
delineate prospective frends, The disiribution of trap
barriers moy be cantrolled by environment, For example,
discrele shoreline sandstone bodies reploced updip by
legoono! sholes are better prospects thon those replaced
updip by sandy (“leaky") deliaic deposits. Such sond-
slanes are more likely to be reloled to interdeliaic
rother thon deltaic areas.

Mast progress will come from further develapment
ond refinement of deposilional models. A greafer under-
stonding of shallow-morine sandstone bodies is es-
peciolly needed. Mareover, as exploration emphasis
shifts offshore, there will be o growing premium on
ability to recognize depositional models in the absence
of cores and oulcraps,

INTRODUCTION

Oil-filled stratigraphic traps in sandstone are
hard to find. Most known ones were found ei-

* Manuscript received, January 14, 1971,

Marathon’s work in the interpretaticn of sandstones
has been concentrated heavily in the Cretaceous of the
RUCky Mouniains, partly because of outstanding sur-
{ace "exposures and available subsurface cores, and
partly becanse of Marathon's historic exploration inter-
&1 there, Consequently, many of the examples in this
Paper are drawn from the Rocky Mountain Creta-
ceous, However, the sandstone depdsitional models and
exploration approaches discussed should be broadly
2pplicable. Only for deep-water sandstones does one
ave 1o seek elsewhere for appropriate models.

0 preparing this paper, 1 have drawn on the work
of my Marathon colleagues both in exploration and in
Tescarch, particularly that of J. C. Harms and D, G.
McCubhin, 1 acknowledge with thanks their contribu-
t‘(‘f}S'ignd comments.
w(rmcnl reviews by H. R. Gould, G. Rittenhouse, and

« K. Stenzel led to significant improvements in the
Paper,

ther unintentionally in the course of exploration
for structural accumulations or through inten-
sive drilling programs based on scarce subsur-
face leads. Yet, the presence of large traps like
those at the Burbank and Pembina fields and
the decreasing number of economically attrac-
tive onshore structural prospects have spurred
great research efforts over the past 15 years to
develop techniques for finding stratigraphic
traps with only a minimum of subsurface con-
trol. Although some of this research has been
aimed at empirical correlations and some at de-
velopment of geophysical and geochemical ap-
proaches sensitive to lateral variations of thin
stratigraphic units, the emphasis has been on
environmental types of sandstone bodies. Each
environmental type has a characteristic size, ge-
ometry, paleogeographic orientation, and rela-
tion to enclosing facies; it also has characteris-
tic internal porosity and permeability distribu-
tioms. As we learn to distinguish each type in
cores, cuttings, and logs, we can explore more
effectively for oil and gas. Better knowledge of
the pature of the target allows more effective
design of the appropriate set of exploration ap-
proaches and techniques, thus enhancing explo-
ration success.

A knowledge of depositional models has
been applied to exploration at the prospect
level and, particularly, to efficient field develop-
ment and extension.

Equally important is the regional delineation
of favorable areas. On this scale of strati-
graphic-trap exploration, depositional environ-
ment of sandstones is only one of many rele-
vant geclogic factors in faivway delineation;
others include structural history, postdeposi-
tional alteration, adequacy of source rocks, etc.

PrincipaL FINDINGS

Primary stratigraphic traps in sandstone-
shale sequences are commonly present in allu-
vial, deltaic, and shallow-marine deposits and
are less common in decp-water sandstones.
They are especially common in the Pennsylva-
nian of the Mid-Continent and the Cretaceous
of the Rocky Mountains, but are scarce in the
Tertiary of California and the Gulf Coast. Ma-
jor oil accumulations in primary stratigraphic
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traps in sandstone are scarce compared Lo those
in siructural, reef, and unconformity-sealed
traps.

Iadividual primary stratigraphic-trap pros-
pects cannot be defined by any combination of
present surface geophysical or geochemical
metkods, except that Jarge traps in thick sand-
storz bodies Jess than 3,000 ft (915 m) deep
possibly are detectable by gravity or seismic
methods. The principal reason is that primary
stratigraphic traps cccur at the lateral edges of
sandstone bodies usually less than 100 ft (30 m)
thick. Even if lateral variations in porosity or
saturation in such thin genetic units could be
detected from the surface, they would be ob-
scured by other unrelated changes in shallower
and dzeper rocks.

On the basis of subsurface information, lat-
eral proximity to stratigraphic traps may be in-
dicazd by lateral changes in clay content, for-
mation-water salinity, or hydrodynamic gra-
dient. Highs related 1o inferred” differential-
comgpaction effects in beds overlying a discontin-
uous sandstone body may encourage deeper
driliing to reach it. However, since such prox-
imity indicators are rare—and successful use is
ever more rare—a more general approach is
nezded. A review of data from wildcat failures
in lizht of knowledge of many different kinds
of sandstone depositional models is still a very
useful guide to finding traps.

For delineation of the more prospective fair-
ways, reconstruction of the paleogeography has
beer one successful technique,” It probably
should be augmented more commonly by con-
sidecations of postdepositional processes such
as solution, cementation, clay-mineral dehydra-
tion. and fluid-potential gradients.

Many primary traps are present in sand-
stomes whose distribution is partly or wholly
controlled by an underlving erosional surface.
Examples include alluvial-valley and marine
sirike-valley fills (Fig. 6). In view of this rela-
uoz. paleotopographic and paleogeologic maps
of the erosional surfaces are important aids to
expioration for many primary stratigraphic
trzps. Even where an erosional surface is not a
taztor or cannot be identified, shoreline sand-
stezes deposited during an averall transgression
mz¥ be more prospective than those deposited
dunng an overall regression (Fig. 5).

Iz future exploration. our growing knowl-
sz of stratigraphy. including both deposi-
venal and diagenetic aspects of rock interpreta-
toz. will have imponant application in delin-
£:II2 prospective fzirways in which to concen-
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trate cfforl on finding structural and pre-uncon-
formity traps, as well as primary stratigraphic
traps.

PrimMarY TRAPS

In the stratigraphic traps in sandstone dis-
cussed in this paper, lateral variation in the li-
thology of the reservoir rock, or a break in its
continuity, has been a majo- factor in entrap-
ment. In most of them, the lateral variation of
permeability is a direct result of the deposi-
tional environment, rather than of postdeposi-
tional selective solution or cementation. In
those unusual and still poorly understood ex-
amples in which selective solution of fossil de-
bris or less stable detrital grains has played a
significant role in creating the reservoir, the se-
lective solution itself probably is governed by
factors related to the depositional environment.
For these reasons, I shall refer to all of them as
primary stratigraphic traps.

Following this definition, I exclude from con-
sideration all those pools trapped beneath an
angular unconformity, because the main trap-
ping mechanism is unrelated to deposition of
the reservoir sands. The Fast Texas field, with
6 billion bb] of ultimately recoverable oil in the
Upper Cretaceous, is the best example in this
category. A related group which is not consid-
ercd includes those pools in which a tar seal at
a surface unconformity is an important trap-
ping element. Among the largest examples are
the Bolivar Coastal field (Venezuela), with 30
billion bb! in the mid-Tertiary, and the Quire-
quire field (Venezuela), with 1 billion bbl in
the Pliocene-Pleistocene; the Kern River field
of California, with 700 million bbl in the Plio-
cene-Pleistocene; and the Athabasca tar sands
of northeastern Alberta. Fields such as these
may be relatively easy to find, either because of
surface seeps or because of convergence along
unconformities detectable by the reflection scis-
mograph.

Not only are piimary stratigraphic traps
harder to find, but giant fields in such traps are
much more scarce. A few giant fields in this
category are shown in Table 1.

TraP REQUIREMENTS

Reservoir rocks capable of containing signifi-
cant amounts of oil must be juxtaposed with
barrier beds capable of acting as effective seals
in a three-dimensional configuration that en-
closes a volume of rock of low energy poten-
iial, This trap must form at the right time and
place to intercept migrating oil. In a primary
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Tahle 1. Selected Giant Primary Sandstone Stratigraphic Traps

Ultimate
- Recacerable
Name Location D([:;:;h Age D),::;L‘Z{y Reserres Depositiona’ Type References
(mlition
bbl)
(_“-rc.'ncr Red Wash Utah 5500 Eocene 1951 135t Lacustrine mea Koesoemadinata (1970)
Coalinga East Calif, 8000 Eocenc 1938 5201 Shallow ma-ne (7) Charrers (1943)
}’cmbina Alta, 5000 L. Cret, 1953 18002 Shallow mu-ne Michaelis (1957) and
Nielson (1957)
Bell Creek Monlt, 4500 E, Cret, 1567 114 Barrier bar smd McGregor and Biggs
Delta from (1963)
Barcrier bar Berg and Davies (1968)
Cut Bank Mont. 3000 E. Cret, 1926 2000 Alluvial valer Blixt (1941), Shelion
(1967)
Burbank Okla, 3000 Penn, 1920 5000 Shoreline Bass et al. (1942)
Alluvial vale Marathon (unpub.) and
D. R. Baker (personal
commun,, 1969)
Bradiord Pa. 1500 L. Dev. 1871 660! Shallow me-ne Feltke (1938)

(pardy structural) Turbidite (by comparisan  with
nearby N. Y, Devo-
pian outcrop)

Mitgue Alta, 3700 M. Dev. 1964 3001 Deltaic Kramers and Lerbekmo
(1967)
Nipisi Altu, 5500 M. Dev, 1965 2008 Deltaic (7) Kramers and Lerbekmo

(1967)

1 Oil and Gas Journal, January 26, 1970.
? Oil and Gus Journal, January 13, 1969,
3 H, W, Nelson (personal commun., 1970).

stratigraphic trap, the boundary between the
reservoir and the enclosing rocks may be
slightly older than, contemporaneous with, or
slightly younger than the reservoir itself.
Except for isolated lenses of sandstone envel-
oped in shale, most primary stratigraphic traps
In sandstone have some structural elements; the
configuration of the trap boundary is com-
monly governed by tilting or gentle arching as
well as by stratigraphic variation, All grada-
tions and combinations of structural and strati-
griphic conditions have been observed.
. Although the updip latera] change commonly
18 from reservoir sandstone to impermeable
shale, the lithologic contrast need mot be so
great, In an area of western Nebraska, for ex-
ample, the updip barrier to an alluvial valley-
fill sandstone reservoir is itself a fine-grained
Sandstone with some permeability  (Harms,
1966). The key is not contrast in permeability
but rather in capillary-pressure characteristics,
One of the most difficult prablems is how to
Predict the capacity of an updip stratigraphic-
rap barrier, The problem arises because barri-
Ers commonly consist of complexly interlami-
Nated sundstones, siltstones, und shales. In Fig-

ure 1, the block ir the upper diagram repre-
sents a sandstone t:d (overlain and underlain
by shalc beds not s2:own) dipping to the left.
Oil is trapped dowxdip from the barrier. The
lower diagram is & schematic representation of
the same block, in which the innumerable tor-
tuous channelways Zrough the barrier are rep-
resented by three tifes,

The capacity of Zw barrjer is determined by
the “critical throa.” the tightest part of the
particular channelvay that requires the least
pressure for passagz of oil through it. We have
no way of samplizs. measuring, or even esti-
mating reliably the :apacity of the throat; how-
ever, a minimum vae possibly might be estab-
lished by obscrvatim of the length of oil col-
umn in a nearby simlar trap (Harms, 1966).

1f hydrodynamic zonditions prevail, the situ-
atjon may be modifed somewhat, If the bydro-
dynamic gradient ¥ downdip, the capacity of
the barrier to hold ul or gas is enhanced,; if the
aradient is updip, e barrier capacity is dimin-
ished correspondingv. In this way, local hydro-
dynamic condilion: may influence the occur-
rence of stratigrapnc traps or the size of the
stratigraphic pools.
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borrier
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Fi6. 1—Schematic diagram of
stratigraphic-trap barrier.

Examples of fields with unusually effective
stratigraphic-trap barriers—as indicated by the
height of contipuous oil column in the trap—
are Horseshoe Canyon, northwest New Mexico
(oil column 2,750+ ft, capillary pressure ~ 500
psi; McCubhin, 1969), and Coalinga East, Cali-
fornia (1,800 ft, ~180 psi).

LocATIKG PROSPECTS

Potter (1967) discussed prediction problems
related 1o sandstone bodies. He considered two
aspects: (1) “the location problem”™—where to
find the sandstone bodies—and (2) ‘‘the exten-
sion problem”—how to outline efficiently the
areal extent with a minimum of drilling. Loca-
tion of sandstone bodies at the prospect level
and, more parfciularly, location of traps are the
primary concern in this section,

In relatively mature areas of known strati-
graphic traps in sandslone, a common, and
sometimes cflective, exploration approach has
been used for many years. This approach in-
volves drilling on a structural nose between a
downdip well with porous and permeable, but
water-saturated, sandstone and an updip well
with no reservoir sandstone, It was applied suc-
~ cessfully in the 1950s in the Denver basin. Of
course, where the prcvious]y drilled wells are
[ar apart, there is considerable uncertainty in
predicting where and how the reservoir sand-
stonc terminates updip.

Another cmpirical approach that may be
successful is based simply on trend. Where
early exploration in an arca indicates that the
sundstone bodies are elongnie and aligned, an

obvious step is to drill on trend. A good exam-
ple is the Cretaceous “Gallup” or Tocito reser-
voirs of northwest New Mexico.

The spotty success of these simple methods
forced consideration of more scientifically so-
phisticated techniques. Geologists reasoned
that, if the origins of the sandstone bodies be-
ing sought were better understood, exploration
would be more successful. A central idea was
that recognition of the depositional environ-
ment, coupled with knowledge of paleoslope
and distribution of enclosing facies, would be
an effective approach to the location problem.
Hence, much industry research on depositional
models has been done in the past decade.

Depositional Models

In Table 2, the exploration characteristics of
environmental types of sandstone bodies en-
countered most in exploration are summarized.
Because it is difficult to capture the essence of
the conceptual model in a brief fable of this
kind, two or three uscful references are cited
for each environmental type.

How is the origin of a particular sandstone
body determined? No one characteristic, or
even any two in combination, is sufficient to
permit identification or in some cases to narrow
the possibilities significantly. Furthermore, for
sandstones, in contrast to carbonate rocks, the
kind of information available from cuttings—
color, grain composition, and texture—has
been of limited value when used alone. The
characteristics best determined in cores or out-
crops—especially sedimentary structures, na-
ture of conlacts, sequence, and relation to en-
closing facies—are much more diagnostic.

Because the amount of information on depo-
sitional models that is decipherable from cut-
tings and logs is limited, effective vse of them
depends on how closely their characteristics
can be related to more basic control from cores
or outcrops. For example, a marked base and
an upward decrease in grain size, characteristic
ol many valley fills, may be reflected on the SP
curve by an abrupt excursion at the base and a
gradual decrease upward. If this relation can be
established in one or more wells in an area by
core-log comparison, the character of the SP
can be used as a secondary control in identify-
ing and mapping the sandstone body.

As a second example, two different types of
sandstones within a generally sandy inferval
may be distinguishable by a grain-size differ-
ence. In northern Colorado, the contact be-
tween the Horsetooth and Fort Colling Mem-
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bers of the Muddy Sandstone (transgressive
deltaic sandstone versus Tregressive shoreline
sandstone) was determined by binocular ex-
smination of grain size in cuttings after the re-
lations were established by delailed outcrop
study (MacKenzie, 1965). No consisient log
difference was observable. It should be empha-
sized that this is purely a local characteristic.

1f the paleogeographic setting and paleo-
slope, as well as the depositional model, are
known, sandstone frends may be predictable.
The clearest example is that of barrier-island
sandstone bodies, which are usvally parallel
with the shoreline. Alluvial valley deposits
trend generally parallel with the dip of the pa-
leoslope, but major departures are common,
and marine bars, even if elongate, tend to have
diverse orientations.

Some implications of different sandstone de-
positional models to exploration and field de-
velopment are illustrated in Figure 2. Al-
though stratigraphic traps in most sandstone
depositional types require local structure or up-
dip bends related to regional dip, traps in iso-
lated offshore-bar sandstone bodies require no
special structural situation, Traps in porous
marine sandstones developed by winnowing of
the fines might be sought on local synchronous
highs, but stratigraphic traps in sandstone beds
deposited by turbidity currents would be sought
on the edges of depositional lows.

Halos

In the carbonate realm, the detection of de-
bris beds in an exploratory well may indicate
the presence of a nearby reef. In the sandstone
realm, comparable proximity indicators are less
common. However, some types of offshore bars
are surrounded by facjes halos in which clay
content increases gradually outward. In the ma-
rine bars of the Willson Ranch field, Nebraska,
for example (Exum and Harms, 1968), the
gradient in clay content can be detected for a
distance of 1-2 mi (1.6-3.2 km) beyond the
field boundaries. These proximity indicators
may be useful in locating low-clay (high-sand)
areas (sec “offshore bar,” Fig. 2).

A similar example is related to the seaward
murgins of barrier islands. These sandstone
bodies disappear seaward by becoming progres-
Stvely thinner and finer grained until they
merge imperceptibly into the enveloping shales.
Recognition of this kind of seaward edge in
two or more wells might provide a basis for de-
lermining the direction in which the porous and
Permeable part of the sandstone body lies,
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In discontinuous sandstone units of the
Rocky Mountains that have been partly flushed
by meteoric waters, the salinity of formation
waters—as indicated by normal or induction
devices for example—may be a proximity indi-
calor to oil accumulations. The hypothesis is
that oil will be trapped only in the places pro-
tected from flushing. These relatively unswept
parts should be characterized by higher forma-
tion-water salinities. Consequently, encounter-
ing waters with normal salinity in a formation
otherwise known to be flushed fairly perva-
sively may be a clue to the proximity of oil. Al-
though this technique has been widely dis-
cussed, I know of no demonstrable case where
it has been applied successfully to oil finding,

Differential Compaction

Wherever a sandstone body is replaced later-
ally by a shale section, some degree of differen-
tial compaction almost certainly will result
(Mueller and Wanless, 1957). An example is
shown in Figure 3, The effect of differential com-
paction normally persists upward in the section
for a few hundred or more feet. This drape is re-
flected as structure in the younger beds and, in
places, can be used to infer the presence of dis-
continuous sandstone bodies in a section deeper
than that penetrated.

Rittenhouse (1961) illustrated the problem
of restoring the cross section of an isolated
sandstone body to its original shape. It is clear
that, where differential compaction has been a
significant factor, cross-sectional shape is an
unreliable index of the depositional model.
Truncation of older markers and onlap of
younger markers are more useful criteria,

Seismic Responses

There have been many attempts to prospect
for straligraphic traps in sandstone with the re-
flection seismograph, and the results have been
disappointing. The principal problem has been
that the wavelength of seismic energy returned
to the surface is greater than the thickness of
the sandstone bodies being sought. Most indi-
vidual sandstone bodies are less than 100 ft (30
m) thick. Where such sandstone bodies are
deeper than a few thousand fect, their lateral
variations or tcrminations are seismically invisi-
ble.

A more general but still valuable goal is the
detection of other stratigraphic information—
such as sandstone-shale ratios and the thick-
ness, continuity, and spacing of individual
sandstone beds. By use of the concept of sedi-
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Tuble 2, Summary of Churacteris

CHARACTERISTICS OF ENTIRE SEDIMENT BODY

CHARACTERISTICS (
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DUNE SANDS homogeneous | > 100 | oo wiies g of sand a regressive pebbles & R
o2 sequence clasls rare
usually contirenys
ALLUVIAL miis' 3040, boes. asually lowe_l con'lacls
b e | Aesnwe
i 10's 1e 108"
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DISTRIBUTARY canliniges et commonly ofmud —biansi-
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=
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=)
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SANDS deltaic deposits Icoalse sand | sharp |53
2
elongate o Iransitional base VI
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o
< ) .
x fills erosional pebbles,
. fine to coarse elangae up parallel to strike valleys; clasls,
% STRIKE-VALLEY sands and 16-5 tz sevecat @iles | preuncon- inertongues glauconite,
= SANDS muds; wite, 10°s of Tormity wilh matine phosphate,
= helerogeneous mies bong paleo strike | muds seaward; marine
=
v onlaps landward fauna E
«vi | PROXIMAL ngh lanks | 02 essive || madet big; | variabe
[=] of deep g ; !
= hasi sequence from displaced
< | TURBIDITES tars or asn»dns MEAl 1 deep to shallow. || shallow-
o interbedded 00's shexts gp S SOUICE | yaler deposils waler fauna;
= sands, sills to b 1GC 5 proximal
; and muds 1000 s of 53, Hiies lurhidites
g DISTAL £ wel Sumps sands inlerhedded || Often with
&= of deep | with deep-water intesbedded
& | TURBIDITES basins” | muds debris beds




Table 2. Summary of Clmmc(erisuc,%

"

some EM irommental Types of Sund Bodies

Primary Stratigruphic Traps in Sandstones

. G RTICAL SECTION
IMENT BODY CHARACTERISTICS OFf IKDIVIDUAL YE ]
PRIMARY SEDIMENTARY STRUCTURES
RELATIONSHIP || LITHOLOGY, oveRyd |- CROSSS TRATIFICATION EFORMATIONAL) WISCELLANEOUS | pergRENCES
T0 ADJACENT  ||COMPOSITION, [BOUNDING [VERTIRy | 2 AND ORGANIC REMARKS
OR ENCLOSING TEXTURE, [CONTACTSERANGY ”R‘.}TO‘N CONTACTS; SET NATURE OF SHAPE OF | RIPPLES SEDIMENTARY
FACIES FAUNA CHayy | POAT! THICKNESSES LAMINAE SETS STRUCTURES
1 : . X . high indices;
commonly the well sorled . SpicUOLS gr’oss;:;a:llé hsbé:.f. lee dips 25%-34°; !abulla_r, crests often stumps no!
end slage of sands; variable ™! nugh-angle 1 10's of commanly SOMENMES | paratiel 1o unicommon; McKee (1966)
2 reglessive pebbles & syslea; eross bedding ;'p thick tangentiz! to enormous dis of e veitebrale
sequence clasls rare eel thic lower boundary troughs beds fracks
lowei contacls slumps Harms (136€)
ional; common; Hewitl &
erosional; lateral ) i b ' Morgan (1965)
contacts erosional etesional, faximun shorl-trested; o Fisk (1944)
or indeterminate pebbles  [base nany beds planar of dips usually loeuoids untommon is
and clasts | erosional; jenlicular; concave up; 20%25°, inclined | o m.lc"m[’ " Potler (1367)
common; top upware sbundant usually ol langential ue in cmss-g
progortion  [usually [ decna | gross peoding -2 feet to lower section: stumps
commonly of mud transi- thick boundary abundant Burrows fot
enclosed in vatiable liona! uncommon
nonmqline of
blackish muds Frazier (1967)
Brown (1969)
underiain by
maring pro- similar to batrier sand bodies -
deita muds;
ovetlain by
marsh muds
ngtangle eresional, Mmaximum " - lateral facies :
underlain by o well sorled; etoss bedding; planar; dips 20°-25%, wedge nz;( rtt;nspn;uous, slumps, changes may Fraziel (1967}
. may contain | path  |not v or mictottoughs buriows ovide MacKenzie
adjacent to . arsenlatron -2 feet tangential to tabular | preseat uncommon prov. (1965)
deitaic deposits || C0drse sand | sharp  [systeng | gurge thick lower boundary praximity
lag indicalors
;| upper & lower. subhorizontal stralification most ahundant  |gad styuctures
transitional base upward wilh low-angle tiuncalions, exp. near base; neat base, SYMM. g hurows common) Bernarg et al
downward and transi- PEE | 5810 L food thick L long- trested [t base (1362)
seaward into muds, R (L ) e e S e Ll e e et EEEL L L EE Welmer (1366)
Tandward inlo I | 1op ' fray b+ X:ddie: high-angle cross bedding, %2 feet wedge McCubbin &
1agoonal or deltaic ;:bh;«)srtzd, sharp koaised mek, {angential laminae; cross-laminae or trough uncommon LNCOmMmon Brady {1969)
bl :
deposits clasls rate: beds) Ot obhiquely shoreward; local scours
- ) matine e burrows gragual outward
enclosed inand | (g, i | NP on-angle erosiona, ?’05[ ips < :0 ’ common; abundant decrease in
intertengues any °', | ! tiess beggrng planar; ler;'oT: parla lel wedge? Same symm., only in sand/clay may Exum & Harms
Iaterally with natrowly | ~LM1. thick ! s long-Crested marginal pravide proximity | (1958}
marine muds transt- ! boundary lacies indicator
and silts tional
tassiar upygs
fills erpsianal plebbles, *1 Nigh-angle S 1al:ula(; . :g:m:{»l:’oecsally. pateageologic
i . clasts, 404 . o sels straight . . d -
T,:[:fn::r:sy > glauc;mle. ﬁtx-:fn:e::,:ﬁ i f"’ss;l’"al' planar; 25%-30° [ conlinutgaus of x-sets; bursawing :?apg?clcrﬁla;zm HeCubbin
with narine phiosphate, Eaminggy | famierial 0 g iy of | some av long- | CONMOR elfective in (1963)
muds seaward; matine . +o0galion OWer boundary | fapy clles!ed wave exploration
onlaps landward fauna zy;:e’ b Tipples
Bealiel syegpy;
may be middie ] u illu:lureles:d cf, distal beds,
part of regressive || graded hdg; | variable RO asymmetric proximal beds
sequence from displaced TA-lineg seouys tippies, both burtows ate thicker,
deep tu shallow- shallow- ] shatt and uncommon; coaiser grained,
waler depasits waler fauna; {rough-shaped sels long-ctested, bedding less well graded, Walker
— | proximal found 1arely found al plane tracks less regular, (1966, 1967)
turbidiles tops of and trails mote deformed,
ds interbedded || often with individual often present || and more
sands inl ,
with deep-wales interbedded beds porous and
muds debtis teds permeable




54 David B, MacKenzie

POSSIBLE IMPLICATIONS OF SKWDSTOKE WOBELS

v, ~ Trops on strsclurol noses or in

NARROW i lacal updip bends

ALLUVIAL \;,’ o — No hafos

VALLEY & — Qrientad tare may give trend
- — Strong watsr drive

— No structum required for iraps
— Sondy halos moy provide
proximity indicotars

OFFBSHDRE
AR — Poor woter drive

— Sands conceniroied in deposifional
laws and may wedgs out olong

TURBIDITE local synchroneus highs

— Eniropmen! requires struciurol noses
or updip bends

— Slrong woler drive

FiG, 2—Possible implications of selecied sandstone
depositional types to exploration and field develop-
ment,

mentation models through sequences of hun-
dreds of feet of strata, it may be possible to make
the step from seismic field records to strati-
graphic interpretations. Sedimentation models
are not random stacks of various lithologies;
rather, they commonly are organized systematic-
ally., The use of reflection seismic data for
recognizing and deciphering these systematic
stratigraphic relations in areas of sparse well
control holds much promise (Harms, 1968).

Fierp DEVELOPMENT

Once oil has been discovered in a strati-
graphic trap, efficient field development de-
pends in part on the peologist’s ability to pre-
dict size, shape, trend, and distribution of inter-
nal reservoir characteristics from the early well
data. This is “the extension prablem” (Potter,
1967).

Even where control is available in wells on a
40-acre or smaller spacing, depositional models
have been found to have a major application in
reseTvoir geology, Although well control may
be very close, one well commonly cannot be
correlated satigfactorily with the next, or the
reservoir adequately characterized, in the ab-
sence of understunding of the depositional
modcl. Even the spacing of the contours on an
isopach map of a sandstone body depends on

the model, and good contouring can contribute
substantially to locating the margins of a reser-
voir beyond the points of dense control.

Reservoir geology is particularly important
in successful application of enhanced oil-re-
covery techniques such as in situ combustion
and miscible waterflooding. These technically
sophisticated operations require large dollar in-
vestments for either expensive injections or flu-
ids for injection. Unless the geology of the res-
ervoir is exceptionally well established before
the recovery program is formulated, total eco-
nomic failure may be the result.

One common and important problem in ficld
development is how to decipher the trend of a
sandstone body from core observations. The
approach assumes a known relation between
the orientation of primary sedimentary struc-
tures and the trend. The relation probably is
best established for alluvial sandstones. How-
ever, because of potentially large variability in
current direction locally, it is usually important
to measure the orientation of several tens of
sets of cross-strata. In many other types of
elongate sandstone bodies, the reJation between
trend and sedimentary structures js not reliably
predictable, In barrier islands, for example,
trough-shaped crossbedding reflects currents
flowing obliquely landward (Reineck, 1963) at
widely varying angles to the trend of the sand-
stone body.

Deciphering trend also assumes that a core in
the subsurface can be oriented geographically.
The best method is by inhole magnetic orienta-
tion of the core barrel when the core is cut.
Another possibility® is to relate the remanent
magnetization of the core to the palcomagnetic
field prevailing when the sands were deposited,
The paleomagnetic method is uscful only for
sites relatively near the paleomagnetic equator,
and successful application is rare,

Hewitt and Morgan (1965) described the
reservoir characteristics of a Pennsylvanian al-
luvial sandstone which forms the reservoir at
the Fry in situ-combustion site in the lllinois

?Much of the logging company literature notwith-
standing, ouv expericnce in comparing cares with dip-
meter  surveys suggests that cross-stratification s
usually not deteciable by dipmeter measurements,
The reason is that few cross-strata within sandstones
are marked by clay partings or other mineralogic (or
resistivity) contrasts (see also Jizba ef al,, 1964).

Cores with dipping beds can, of course, be oriented
peographically by reference either to known regional
dip or to a dipmeter swrvey.

[Far a more detailed discussion of use of dipmeter
data, sece paper by Jageler and Matuszak (this volume).
Editor)
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Fig. 3—Diflerential compaction around Cretaceous “D™ alluvial channel sandstone in Sec. 21, T6N, R53W,
Logan County, Colorado. -

basin. Among the interesting characteristics of
the reservoir is the relation of directional hori-
zontal permeability to the current direction of
the depositing river. In sandstones with both
small-scale and large-scale trough cross-stratifi-
cation, the horizontal permeability at right an-
gles to the current direction is between 85 and
95 percent of that paraliel with the current di-
rection. Montadert (1963) applied knowledge
of sedimentary structures gained on outcrop to
the establishment of preferred permeability di-
Tections within the Hassi-Messaoud field of
Algeria,

FAIR\\'AY DELINEATION

The easiest and most common approach to
the question of where exploration should be
Concentrated is to relate bells of stratigraphic-
trap oil occurrence to one or more casily mea-
sured siratigraphic parameters. In extension of
4 fuirway within u developing basin, the param-
Clers can be derived empirically from within
the areqy already productive, In less explored
areas. they can be sought by comparing oil oc-
CUrrence with stratigraphic factors in mature
basins believed to be similar.

Among the most common of these parame-
ters are ratios of sandstone to shale. In many
areas the occurrence of oil tends to be within a
belt in which the ratio of sandsione to shale is
in the value range known to be optimum for
the area (Dickey and Rohn, 1955). On the Gulf
Coast, this phenomenon is referred to the
“sand-breakup” in a transition from massive
sandstone landward to shale seaward,

The next step is 1o try to reconstruct the pa-
leogeography. This step commonly involves no
more than delineation of the broad areas of
marine and nonmarine deposition. The more
prospective areas generally lic in the belt where
marine and nonmarine deposits intertongue.
From these general paleogeographic recon-
structions, much more detailed ones can be
made if appropriate rock malerials are avail-
able for examination and interpretation. Fisher
and McGowen (1969) related oil and pas pro-
ductive trends in the lower Wilcox Group (Eo-
cene) of the Texas Gulf Coast to many specific
depositionul environmens,

In fairway delineation, undue emphasis has
been placed on the depositional environment as
the controlling factor. Other important factors
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F16, 4—Fairway of Crelaceons stratigraphic pro-
duction in Denver basin of eastern Colorado and
western Nebraska,

are the postdepositional history of the sedi-
ments, adequacy and proximity of source
rocks, and the effects of formation-water move-
ment and structural tilting and deformation.

The importance of formation-water fluid po-
tentials (hydrodynamics) in fairway delinea-
tion was stressed by Hill et al. (1961). They
argued that the most favorable sites for belts of
productive stratigraphic traps were gentle
flanks of sedimentary basins characterized by
downdip flow (or downdip potential gradients)
through discontinuous sandstone bodies. In
such situations, the capacity of updip shale bar-
riers forming the traps would be augmented by
the potential gradient.*

An cxample of a productive stratigraphic-
trap trend probably determined by both facies
change and favorable potential gradients is the
Middle Jurassic Shannavon trend of southwest
Saskatchewan (Christopher, 1964). In this
area, 400 million bb] of ultimately recoverable
reserves are contained in only 20 fields where
oil is trapped stratigraphically in sandstones
(Carlson, 1968), Two of these ficlds, Dollard
and Bone Creek-Instow, have rescrves of more
than 70 million bbl each. All the fields are in
shelf deposits. The narrow shelf trends north-
northeast and dips eastward; it is bounded on
the west by lapoonal deposits and on the east
by basinal shales and carbonate rocks. The
sandstone reservoirs are marine bars and tidal-
channel fills partly enclosed in argillaceous fa-
cies. Continuity of the sandstones updip beyond

* Dickey and-Hunt (this volume) discuss the theory
of formation-water fluid polentials; they conclude thal
downdip and updip flows are theoretically possible but
unlikely to occur commonly in nature, Editer

David B. MacKenzie

the pools (westward) and the information on
formation pressures suggest that eastward de-
crease in fluid potential has been important in
entrapment.

Some caution on the overemphasis of any
one technique is certainly warranted. For ex-
ample, although there was much study of hy-
drodynamics in the late 1950s and early 1560s,
I know of no well-documented case in which its
application has led to a significant discovery.

Denver Basin Fairway

The problems of fairway delineation can be
illustrated by the production from stratigraphic
traps in the Cretaceous on the east flank of the
Denver basin (Fig. 4). The initial discovery
was made by Marathon Oil Company in west-
ern Nebraska in 1949. From that time until the
mid-1960s, about 17,000 wells were drilled.
This exploration resulted in several hundred
fields with a total of about 800 million bbl of
ultimately recoverable reserves. Exploration was
reactivated in 1970, particularly in the area just
east of Denver.

The oil accumulations are in discontinuous
sandstone bodies, localized on subtle noses, on
the gently westward-dipping east flank of the
Denver basin. Structural entrapment is signifi-
cant only in the northeastern part of the fair-
way.

Production is from two zones—the “D” and
“J" sandstones. Each has an average thickness
of several tens of feet and consists of a wide
variety of shallow-water marine to nonmarine
units, generally lenticular, and complexly ar-
ranged in both plan and cross-sectional views,
The “D" sandstones were derived entirely from
the Canadian shield on the east; they pinch out
westward at a depth of about 6,500 ft (1,980
m) in the basin. The “J” sandstones were de-
rived from the Cordilleran region on the west,
as well as the Canadian shield; they persist over
the entire basin. Alluvial, offshore-bar, and
other environmental types of sandstones form
the reservoirs.

Even though the “D” and *J" sandstones are
everywhere separated by several tens of feet of
unfractured shale, the fairway of “D” sand-
stone production nearly coincides with the fair-
way of “J" sandstone production. Why the fair-
ways overlap and why they are located where
they are is not known, Because a similar assem-
blage of depositional units persists far east of
the fairway in both the “D™ and “]," and west
of it in the “J,” the answer does nol lie wholly
in considerations of depositional environment.
Other important factors must be involved.
Hydrodynamics may be onc of them, Gradients

.
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arc low in the fairway compared to those in the
«J" sandstone farther west; however, significant
downdip gradients cannat be demonstrated in
the fairway.

As depth of burial increases west of the fair-
way in the Denver basin sandstones tend to be-
come more tightly cemented—thus less porous.
The interbedded shales become more fractured.
This deterioration in quality of both reservoir
and scaling beds may be significant to the west-
ern productive limits of the “I” sandstone.

On the east side of the fairway, burial of the
source shales may not have been sufficient to
allow primary migration, Alfernatively, because
the sandstones in both the “D” and “I” become
thicker, more permeable, and more continuous
eastward—with fewer updip shale barriers—oil
once generated may have migrated eastward,
escaped to the surface, and been dissipated.

The foregoing is an illustration of the com-
plexity of the problem of fairway delineation,
even in a mature and geologically well-known
area. Further understanding will come probably
from research on postdepositional factors
rather than from better definition of the sedi-
mentary environments.

Some aspects of paleogeographic reconstruc-
tion, particularly in relation to transgression
and regression, may provide more help in fair-
way delineation than has been available in the
past.

Overall Transgression Versus
Overall Regression

Thick sequences of broadly intertonguing
marine and nonmarine beds contain many po-
lential stratigraphic traps, particularly where
sandstone bodies are associated with the shore-
line. An appropriate model of this type of de-
position is the Upper Cretaceous of Wyoming,
Which is a thick sequence of nonmarine beds
and shoreline marine sandstones intertonguing
eastward with marine shales. Major source
areas on the west supplied sediments to the
broad coastal plains along the west side of the
Seaway, The shoreline migrated back and forth
throughout most of Late Cretaceous time, re-
Sulting in the intertonguing relations. Explora-
tion is a matter of dividing the sequence into
time-parallel zones as thin as possible, and at-
tempting to map the paleogeography, especially
the strandline, for cach zon.

. Periods of overall regression are character-
1zed by a scaward retreat of the various deposi-
bonal environments. This seaward retreat usu-
ally is marked by abundant sediment supply
and active scaward-building deltas with associ-

ated delta-front sand bodies. In contrast, during
periods of overall transgression, the deposi-
tional environments shift landward, and be-
cause of rising base level the rate of sediment
supply is relatively low. Sands are supplied by
marine reworking of older deltaic deposits or
by longshore transport from local river mouths
along the shoreline. Barrier islands with associ-
ated landward lagoons are a common develop-
ment. (The word “overall” is emphasized be-
cause, clearly, the barrier islands themselves
formed by seaward progradation during epi-
sodes of stillstand or minor regression during
the overall transgression.)

In parts of the Rocky Mountain area where
regional dip of the Cretaceous is eastward,? the
impact of these considerations on stratigraphic-
trap exploration is as follows (D. G. Mc-
Cubbin, personal commun,). During periods of
overall regression, shoreline sand bodies, if
present, may be replaced updip by deltaic de-
posits (Fig, 5). These deltaic deposits, because
of their many associated types of sands—par-
ticularly distributary-channel sands—probably
would be relatively poor barriers to updip mi-
gration.

In contrast, during periods of overall trans-
gression, the shoreline sand bodies would be re-
placed updip by sand-poor Jagoonal muds
which, when compacied, would be relatively
good barriers 1o updip migration of oil. Fur-
thermore, the sands would be overlain by ma-
rine shales, which should be effective barriers.

In applying this concept to stratigraphic-trap
fairway delineation in exploration, emphasis
would be placed on finding ancient shorelines
in interdeltajc areas, especially those of periods
of overall transgression. It is not a coincidence
that the only significant stratigraphic-trap oil
discovery in the many Upper Cretaceous shore-
line sandstones of Wyoming (Patrick Draw) is
in an overall transgressive rock sequence
(Weimer, 1966; McCubbin and Brady, 1969).

Other examples of stratigraphic {raps in
shoreline sandstones resulting from overall
transgressive sedimentation are the basal Penn-
sylvanian' Morrowan sandstones of northwest
Oklahoma (Busch, 1959).

*In areas of wesl dip, because of gradual eastward
(offshore) decremse in thickness and permeability of
shoreline  sandstones, and ultimate gradation into
marine shales, stratigraphic traps would not be ex-
pecied beeause reservoir and barrier beds would not
be close enough together.

4D, C. Swanson, in a preceding paper in this volume,
presents evidence that the Morrowan clastic units are
not transgressive, but are facies equivalents of the
Chesteran carbonate shell deposits. Editor
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Fi6. 5—-One schematic cycle in Rocky Mountain Upper Cretaceous showing deltaic distributary channels
landward and updip from shoreline sandstones deposited during overall regression (below), and lagaonal mud-
stones landward and updip from shoreline sandstones deposiled during overall transgression (above).

Why Are Few Stratigraphic Traps
Found in the Gulf Coast?

In light of the foregoing discussion, and in
view of the abundant transgressions and regres-
sions and known heterogeneity of the onshore
Gulf Coast Tertiary section, the scarcity of rec-
ognized stratigraphic traps therc is puzzling.

(Although common in the Wilcox and
Vicksburg Groups, stratigraphic traps are

scarce in the post-Eocene part of the section.)
The most probable explanation is that early-
formed structures were ubiquitous in the zone
of oil generation and migration. In this particu-
lar zone of intertonguing sandstones and shales,
the following conditions prevailed: (1) The
shales were buried deeply enough for oil to
have been generated. (2) The sandstones inter-
bedded with the shales provided both the ave-
nues of migration and the reservoirs. (3) Con-
temporaneous structures formed by gravita-
tional sliding and/or piercement tended to be
concentrated there and trapped most of the mi-
grating oil, Even though the distribution of oil
might be governed partly by lateral changes
from sandstone fo shale, the traps would be
called “structural.”

In conlrast, in shallow areas where there arc
updip pinchouts, as in the updip Frio of coastai

Texas, the shales interbedded with the sand-
stones may not have acted as sources because
they were not buried Jeeply enough. Oil gener-
ated farther downdip was trapped mainly in
downdip traps.

An alternate explanation assumes there arc
relatively few updip changes from reservoir to
barrier lithology because potential barriers are
leaky owing to widespread, deltaic, distributary-
channel sandstones located shoreward. This ex-
planation seems unlikely, however, because the
distribution of oil on many structures is defi-
nitely stratigraphically controlled; thus, the
presence of locally eflective barriers is implied.

Sandstones Ahove Unconformities

Although the importance of angular uncon-
formities in the peologic record long has been
recognized (Levorsen, 1954), the abundance
and importance of stratigraphic breaks with no
anpgular discordance have not always been appre-
ciated. However, increasing knowledge of stra-
tipraphy indicates that disconformities are a
common part of most stratigraphic sequences.
Somec disconformities are related fo local epeir-
ogenic movements: some appear te be of conti-
nental or intercontinental exfent, suggesting
eustatic changes in sea level. The waxing and
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waning of midocean rises (Menard, 1964) pro-

vides one explanation for greater frequency of
eustatic movements in the geologic record than
reviously had been supposed.

As late as the early 1950s, for example, the
Cretaceous of the western interior seaway was
widely regarded as a continuous sequence with
relatively few breaks in the stratigraphic rec-
ord. That concept is no longer valid. Many
unconformities and/or disconformities are

resent.

Waagé (1955) recognized a widespread
Early Cretaceous transgressive disconformity in
the lower part of the Dakota Group in the
northern Front Range foothills of Colorado.
What is probably the same surface (Mac-
Kenzie, 1965) subsequently was recognized in
the Black Hills (Waagé, 1959) and in western
Colorado (McCubbin, 1961). In northwest New
Mexico, Dane (1960) recognized a widespread
crosional surface between Carlile rock (Turo-
nian) and lower Niobrara (Coniacian) rocks.
On the basis of faunal evidence by Eicher
(1960) and Ellis (1963), as well as physical
evidence by Baker (1962), Harms (1966), and
MacKenzie (1965), at least one and possibly
several erosional surfaces of intra-Albian age are
recognized within the Muddy sandstones, The
reservoir of the Bell Creek field is directly
above the faunal break discussed by Eicher and
Ellis. On the basis of detailed ammonite zona-
tion, Gill and Cobban (1966) have found a
previously unrecognized unconformity of late
Campanijan age in western Wyoming. Appar-
ently, several thousand feet of sediment has
been eroded Jocally.

Where angular discordances are involved,
the implication to petroleum exploration is
clear enough: either pre-unconformity strati-
traphic traps or pre-unconformity anticlines
not reflected in the overlying beds are possible
exploration targets. However, 1 believe empha-
§1s should be placed on the importance of ero-
Slonal surfaces—whether angular unconformi-
les or d'sconformities—in determining the
Stratigraphic-trap possibilities in the directly
overlying transgressive sandstones.

The distribution of sandstones above the sur-
ace of unconformity is determined in part by
the paleotopography of the surface. In some
Slluationy there is a strong tendency for the
Sandstones to be concentrated in valleys or
other lows on the surface. Spooner (1964)
¢lted good examples from the basal Upper Cre-
t"‘CG_OUS Tuscaloosu sundstones of east-central

OUisiana, In other places, sundstones may be
Concentrated over the locally steeper parts of
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an erosional surface. Where the slopes are
slightly steeper, the rate of transgression may
have slowed, thus providing adequate time for
the accumulation and winnowing of discrete
reservoir sandstone bodies.

One approach to predicting the probable dis-
tribution of transgressive sandstone bodies
ov-rlying an unconformity is the application of
quantitative aspects of geomorphology (Hor-
ton, 1945; Martin, 1966). These relate to aver-
age stream length, average stream spacing, and
ratio of Jength between first- and second-order
streams. The application of these quantitative
concepts to paleosurfaces allows a general deter-
mination of the number of tributaries, length of
streams, and channel slope.

An excellent example of oil trapped in sand-
stones whose distribution was controlled by the
underlying erosional surface is the Cretaceous
sandstone reservoirs of the San Juan basin in
northwest New Mesxico (McCubbin, 1969).
These sandstones produce from stratigraphi-
cally controlled oil accumulations in marine
strike-valley sandstones (a term coined by
Busch, 1959) deposited during a transgression
over the pre-Niobrara erosion surface (Fig. 6).
Individual sandstone bodies are localized on the
seaward side of cuesta faces formed by the out-
crop of relatively resistant beds in the folded
and truncated pre-Niobrara sequence. Succes-
sively younger sandstones in the overstepping
sequence extend farther in the direction of
transgression. The sands, transported parallel
with the shoreline, were deposited in significant
thicknesses where the advance of the sea was
slowed by the increase in slope associated with
the ridges.

The paleotopography of the erosion surface
consisted of narthwest-trending cuesta-like
ridges and intervening valleys; the steeper
slopes faced northeast. Local relief was more
than 100 ft (30 m). Individual sandstone bod-
ies are elongate parallel with the ridges and val-
leys on the erosion surface, and with the direc-
tion of sand transport. They thin abruptly to
the southwest by onlap against the erosion sur-
face, and thin more gradually in the opposite
direction, largely by facies change to shale. Pre-
unconformity shales and sandstones provide
part of the barrier to updip migration of oil and
gas,

The paleotopography of the erosion surface
is obviously important in evaluating polential
stratigraphic traps and in predicting the geome-
try of the reservoirs, The paleotopography is
obtained from severat kinds of maps. One is an
isopach map of the interval between the uncon-
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formity and some widespread, originally hori-
zontal, marker above it. Corrections for difier-
ential compaction may be needed. However.
since interpolation of patterns between control
points is difficult, the isopach map should be
supplemented by a paleostructural map. Struc-
ture at the approximate time the unconformity
developed js reflected by an isopach map of an
interval bounded by markers directly above and
below the unconformity. The two isopach maps
considered together make possible the construz-
tion of accurate paleogeologic and paleatopa-
graphic maps which aid in prediction of ta=
trend and distribution of ridges and vallers.
and hence strike-valley sandstones.

Strike-valley sandstones may be mors com-
mon than presently recognized, The poss
of their existence should be considered
ever marine deposits directly overlie a d
and truncated sequence of alternating resisz-:
and nonresistant strata.

Although the preceding discussion has dz:
only with sandstones overlying erosional sx:-
faces cut subaerially, Yeats (1965) has doz.
mented an example in which the topograpzy ¢
a submarine unconformity controlled the &=~
bution of overlying oil-bearing turbidites.

[

ErrecTIveE Usg oF STRATIGRAPHIC
ConTROLS IN EXPLORATION

From this review, it should be apparer: =
any onc type of stratigraphic conirol is maz=-
quate for an eflective exploration progra= I

stratigraphic traps in detrital rocks. Although,
for any given subsurface section, a core is com-
monly the most useful source of data, core con-
wol nearly always is spaced too widely to be
used alone. However, logs and cuttings, al-
though generally providing closer control, arc
less useful for many kinds of interpretations.
The soludon to this apparent dilemma is to in-
tegrate. so far as possible, the various types of
conwol. The key to successful interpretation is
to establish, within each area of relatively ho-
mogeneous stratigraphy, correlations between
caaractenistics as determined by the different
tvpes of control available.

With detailed core or oulcrop study as a

SATung poiaL it is commonly possible to subdi-

vide ez mmienzl into correlatable stratigraphic
uzlis. Th2 pext step is to determine how each
¢f the units can be recognized and correlated,
=3 the more densely distributed but less de-
fmiuye tpes of logs in common use in the area.
ihe logs then become satisfactory substitutes
faz zomes (At this stage, a comprehensive well-
dal: sser in which digitized logs are an inte-
£l par mzy be meshed with appropriate pro-

: 22:0 maps useful in exploration. )

¥y

chairacteristics established by core
= may be recognizable in cuttings
color, texture, or mincralogy.
on of cuttings should be tailored
o, By recording only those par-

ans onameseristics that serve to distinguish
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members recognized in the area and zone being
gtudied, sumple examination time is greatly
shortened and the value of the resulting
sample log is greatly increased.

If this approach is used, the reader may ask
how the significant data can be recognized.
There are, of course, no pat answers; but ad-
herence to one general rule is essential: infer-
pretation: showld proceed apace with descrip-
tion. The tendency is strong to develop a rou-

- tine that stresses uncritical description and de-
fers interpretation until all the cores or sets of
cuttings have been described. To a great ex-
tent, one sees only what he is looking for and,
unless an attempt is made to interpret the rocks
as they are being described, much significant
information will be overlooked. The adoption
of multiple working hypotheses is even better.

| Although it is commonly necessary or expedi-
ent to follow the lines of inquiry suggested by
one hypothesis, evaluation of the observations
according to several hypotheses tends to bring
into focus the differentiating criteria.

! ResearcH NEeps

' More and Better Models

i Although our knowledge of depositional
madels has grown dramatically in the past de-
cade, there is still a need for a wider spectrum
and more detailed information for use in explo-
ration. A particularly large gap is that of the
distinguishing characteristics of sandstone bod-
ies deposited in shallow-marine environments
offshore. In the range of environmental types
from subaerial dunes to deep-water sands, the
shallow-marine environments are the least well
known.

Offshore
| As exploration emphasis shifts offshore,
i there is a growing need for stratigraphic predic-
lions in the absence of nearby outcrops and
continuous cores, Ways must be found to make
more effective use of cuttings, logs, and surface
geophysical information to predict the distribu-
tion of reservoir sandstones, stratigraphic traps,
and favorable source-reservoir relations. The
application of this exploration technique is
Mmost advanced in the Guif Coast oflshore,
where the base of the reflection curtain visible
on common-depth-point seismic-record sections
Is being used to map the basc of potential reser-
VYoIr sandstones.

Seismic Energy of Higher Frequency

A third research need is the successfui return
of higher frequency seismic energy from
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greater depths and the interpretation of the re-
sulting data. Since primary stratigraphic traps
are related to lateral changes in relatively thin
intervals (usually less than 100 ft or 30 m), the
higher the frequency of seismic energy re-
turned, the more opportunity there will be to
detect lateral seismic anomalies relating to time
or character that can be interpreted in terms of
stratigraphic traps.

Giants Versus Dwarfs

A fourth need is tfo determine whether the
few large primary stratigraphic traps have
unique and predictable characteristics as com-
pared with small traps. Are the large ones large
because of size of the sandstone body, greater
porosity, a more prolific source, a larger trap, a
more effective updip seal, or some combination
of these factors? The answers might assist in di-
verting exploratory effort from the small,
scarcely economic traps to the more profitable
ones,

Many writers have called attention to the
common proximity of oil occurrence to uncon-
formities. Of the giant primary traps listed in
Table 1, Bell Creek is underlain by a discon-
formity, and Cut Bank and probably Burbank
(D. R. Baker, personal commun., 1969) are
underlain by erosional surfaces. Giant strati-
graphic traps beneath unconformities are well
documented.

Consequently, in a quest for giant fields,
more attention to finding subtle unconformities
and disconformities and to mapping their pa-
leotopography and palesogeography would be a
useful exploration approach.

FuTure EXPLORATION FOR PRIMARY
STRATIGRAPHIC TRAPS IN SANDSTONE

In areas where leasing and drilling costs are
low, primary stiatigraphic traps in sandstone-
shale sequences are still worthwhile expioratory
objectives, particularly for independents. In ad-
dition, a growing knowledge and appreciation
of the habitats of such traps hopefully will in-
crease the ratio of wildcat successes to fail-
ures.

As this book testifies, however, cases are
rare in which primary stratigraphic traps in
sandstone have been found where predicted.
Moreover, major accumulatjons of oil in such
traps are few--worldwide. Consequently, a
large-scale, major-company scarch for them
specifically would not seem justified. Such an
exploratory effort would be warranted only
with a vastly improved technalogy.
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Whether or not that degree of improvement
takes place, there is a much betier alternative
which can be applied now. Our increasingly so-
phisticated understanding of stratigraphy, de-
positional models, and diagenesis should be ap-
plied to finding not only stratigraphic traps, but
all kinds of {raps. Rather than focusing nar-
rowly on primary traps, we should apply our
knowledge to the problem of predicting fair-
ways of favorable source, reservoir, and trap
relations. In these fairways, we can concentrate
exploration for anticlinal, fault, and pre-uncon-
formity traps, as well as for the primary ones
discussed in this paper.
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